Literature review and problem statement
The results of studies [14] show that slag cements are characterized by low heat of hydration, resistance to corrosive chemical media, high water resistance of concrete and less shrinkage deformations compared to Portland cement of type I. However, there are unresolved issues related to slow kinetics of strength gain, substantial bleeding, concrete peeling caused by alternating freezing and thawing when using cements with a high GBFS content. This can be explained by low reactivity of GBFS ground in ball mills. This problem can be solved by raising the GBFS grinding fineness in more efficient grinding units.
This approach was used in [15] to improve technical properties of slag cements by increasing content of fine (up to 10 μm) fraction. Fine-dispersed particles of GBFS in such cements accelerate early hydration resulting in acceleration of the strength gain kinetics compared to similar cement compositions with a smaller content of fine GBFS fraction. At the same time, dense glassy structure and, as a consequence, increased abrasiveness of GBFS bring about a significant growth of power input during grinding at ball mills. For example, when doing GBFS dispersion higher, power inputs in grinding get higher compared to the Portland cement clinker. Natural pozzolans (zeolites) feature a high grindability and 2.5-3.0 times lower (compared to GBFS) power consumption in improvement of their efficiency. However, the increased amount of natural zeolite may cause a decrease in early strength of cements [16] . Pozzolanic activity of natural zeolites grows due to the increase in grinding fineness while bleeding drops. That is why cements containing highly dispersed zeolites are characterized by high water retentivity. Due to their microcellular framework structure, water demand of zeolites is higher than that of Portland cement CEM I. It should be noted that clinoptilolite mineral (Na, Ca, K) 2-3 Al 3 (Al, Si) 2 Si 13 O 36 •12H 2 O is the main component of natural zeolite. Due to the ion-exchange products of such aqueous aluminosilicate of alkali metals from the group of zeolites, pH of the medium gets higher, that is, alkaline activation of the aluminosilicate component of SCMs is ensured [17] .
Effectiveness of improving dispersity of artificial and natural pozzolans was confirmed by development of superfine active mineral additives belonging to super-pozzolans and providing accelerated bonding of calcium hydroxide being the product of hydrolysis of the alite phase of the Portland cement clinker. This interaction of super-pozzolans with the products of hydration of the Portland cement clinker leads to a decrease in porosity which helps to increase strength and corrosion resistance of concrete and determines its durability [18] .
The high degree of dispersity of low-calcium fly ash and the appropriate chemical composition contribute to its widespread use in the cement industry as a SCMs. However, fly ash-containing cements are usually characterized by low early strength. On the other hand, fly ash causes a decrease in water demand of multi-component cements due to its spherical particles as this increases the mobility of the mixture ("roller bearing effect") [19] .
Recently, shortage of granulated blast-furnace slag is observed in EU countries. In the future, fly ash from thermal power plants will also become scarce due to the technogenic origin having a hydraulic effect (granulated blast-furnace slag) and pozzolanic effect (zeolites and fly ash). Typically, SCMs contain reactive silicon dioxide and aluminum oxide which react with calcium hydroxide, and as a result, hydrosilicates and calcium hydroaluminates are formed. According to [6] , granulated blast-furnace slag (GBFS) and fly ash (FA) are the most common supplementary cementitious materials of technogenic origin (487 and 225 Mt/year) and their use in the today's cement industry amounts 13.0 and 6.0 %, respectively. Natural pozzolans as supplementary cementitious materials have also found a wide use (75 Mt/year) and their reserve remains high enough [7] . According to EN 197-1:2015, level of clinker replacement and combination of various types of major components determine cement type. Cements CEM III/A, B, C containing of 36-95 wt. % granulated blast-furnace slag and СEM IV/B containing 36-55 wt. % pozzolanic additives can be defined as low-emission cements. Composite cements CEM V/A, B require a combination of supplementary cementitious materials having hydraulic and pozzolanic properties as high as 36-80 wt. %.
The technology of production of low-emission multi-component cements involves separate grinding or intergrinding of main components and blending of Ordinary Portland cement CEM I and SCMs of various types. In-depth interpretation of role of supplementary cementitious materials and their synergistic interaction contributes to the most effective realization of potential binding properties of low-emission multi-component cements. Advantages of such cement systems include high level of energy saving and low CO 2 emissions in their production combined with higher durability of concretes based on them. However, the degree of replacement with mineral additives is limited in multi-component cements because of a slow growth of their early strength caused by low reactivity of such components as compared to the clinker phases. In order to overcome these shortcomings and increase activity of main components, various approaches have been developed to create new types of low-emission cements. Significant acceleration of hardening of cement systems can be achieved by nanomodification and alkaline activation [8] [9] [10] [11] . The reduced clinker factor of multi-component cements determines low heat of hydration of concrete which ensures their effective application in massive structures. Large content of highly active SCMs in composition of low-emission multi-component cements enables obtaining of corrosion-resistant concretes. Such concretes can be used in hydrotechnical and reclamation facilities exposed to various aggressive environment and in building structures with special requirements (pressure concrete pipes, etc.) [12, 13] .
Considering the necessity of realizing main goals of the low-carbon development strategy, it is important that the studies aimed at determining the SCMs effect on physical and mechanical properties of low-emission multi-component cements with a clinker factor reduced to 0.50 were considered topical. Development of such cements makes it possible to create progressive models of rational use of natural raw materials, fuels and electric power, recycle production wastes and reduce greenhouse gas emissions. This approach addresses a series of important environmental, economic and social problems. transition to renewable energy sources. As was noted by the authors of [20] , from a technical point of view, production and consumption of multi-component cements with a reduced content of Portland cement clinker is an alternative to one-component Portland cements. At the same time, as concerns GBFS and Portland cement clinker, the grindability coefficient which expresses growth of specific surface area in grinding is 10…12 and 15…20 cm 2 /(g•s), respectively, whereas 55…65 cm 2 /(g•s) for zeolite [21] . Therefore, in the case of intergrinding, soft materials are concentrated in the fine fraction while clinker and GBFS are concentrated in a coarser fraction. In this case, the SCMs fractions having higher reactivity are more conducive to growth of early strength of cements. Feasibility of using low-emission multi-component cements is determined by availability of their further upgrading to more efficient systems. It mainly depends on quantitative ratio of SCMs, their grinding fineness, ratio of dispersion of particles and uniformity of their distribution in the powder. Effectiveness of use of pozzolans based on natural zeolites was proved in [22, 23] , however, combination of zeolite and fly ash was not disclosed as an alternative to the granulated blast-furnace slag. The authors of [24] have shown effectiveness of partial replacement of cement in compositions of concrete mixes with zeolite and fly ash. This measure ensures reduction of concrete cost. However, dispersity of FA and zeolite is not large enough to obtain a high technical effect since the content of 10 μm fractions for zeolite and FA is only 18.0 and 9.0 vol. %, respectively. At the same time, it is necessary to study influence of higher dispersity of SCMs on their properties, which are decisive in optimizing composition of the multi-component cements.
Therefore, there is a reason to consider that the insufficient certainty of influence of characteristics of supplementary cementitious materials of various types on physical and mechanical properties of low-emission multi-component cements and the features of their structure formation necessitates studies in this direction.
The aim and objectives of the study
The study objective was to determine criteria of surface and hydraulic activity of supplementary cementitious materials of various types, study their influence on technological and mechanical properties of low-emission multi-component cements and establish physical and chemical features of the processes occurring in their structure formation.
To achieve this objective, the following tasks were solved:
study granulometric composition of SCMs of various dispersity, determine their effect on physical properties and optimize the SCMs blend by the method of mathematical planning of experiments;
study physical and mechanical properties of multi-component cements with a high SCMs content, power intensity of the process of SCMs grinding to ensure high reactivity and the influence of superplasticizers of polycarboxylate type on strength of cementing systems.
Materials and methods used in studying low-emission multi-component cements with a high content of supplementary cementitious materials

1. Experimental materials and equipment
The studies were performed using cement CEM I 42.5 R produced by PJSC Ivano-Frankivsktsement, Ukraine (SSA= =3,590 cm 2 /g) and ground granulated blast-furnace slag (SSA=3,750 cm 2 /g) from ArcelorMittal Kryvy Rih Mining and Metallurgical Works, Kryvy Rih, Ukraine. Natural zeolite from Sokyrnytsia deposit, Ukraine (SSA=5,900 cm 2 /g) and fly ash (FA) from Burshtyn TPP, Ukraine, (SSA=4,190 cm 2 /g) were used as pozzolanic additives. Chemical composition of main components of the multi-component cement is presented in Table 1 .
To ensure plasticity of the cement-sand mortars based on low-emission multi-component cements, a high-performance Master Glenium ACE 430 (BASF) polycarboxylate ether (PCE) superplasticizer was used.
Studies of chemical composition of cements and supplementary cementitious materials were performed using ARL 9800 XP X-ray spectrometer (Thermo Electron SA, Switzerland). Granulometric composition was studied using Master Sizer 3000 laser particle analyzer (Malvern Panalytical, France). Specific surface area of main components and multi-component cements obtained therefrom was determined by the air permeability method according to EN 196-6:2018 [25] . Microstructure of the stone based on supplementary cementitious materials was studied using REM 106I scanning electron microscope (SELMI, Ukraine). To determine phase composition of the SCMs based stone, X-ray analysis was made using DRON-3 diffractometer (Burevestnik, USSR).
2. The procedure for determining properties of samples
Physical and mechanical properties of low-emission cements with high content of supplementary cementitious materials were determined in accordance with current standards and conventional methods.
According to the results of laser granulometry using the developed methodology [26] , differential coefficient of particle size distribution by specific surface area, K isa , was calculated. It is determined by the product A/V (the ratio of the surface area of the particles to their volume, A/V, characterizes specific surface area SSA, μm 2 /μm 3 =μm -1 ) for the content of each material fraction. This coefficient makes it possible to estimate distribution of the SCMs particle sizes over a specific surface area, which makes it possible to Optimal ratio between SCMs was determined using the Scheffe simplex-lattice design 'mixture-property' to ensure a uniform spread of the experimental points in the factor space. The Gibbs concentration triangle was used to design and analyze the experiment plan. Indices of bleeding and water demand of supplementary cementitious materials were used as a target function.
To determine class of the cement strength, 40×40×160 mm prism specimens of cement-sand mortar were prepared based on CEN standard sand at C:S=1:3 (W/C=0.50) according to EN 196-1:2007. Specimens were cured in molds for 24 h in controlled temperature and humidity conditions. After extraction from molds and labeling, the samples were placed in water (t water =20.0± ±1.0 °C) for storage before testing after 2, 7 and 28 hours.
Activity indices of ground granulated blast-furnace slag were determined according to DSTU B V.2.7-302:2014 as the ratio (%) of compressive strength of the cement prisms made of 50 wt. % CEM I and 50 wt. % GBFS to compressive strength of cement prisms made of 100 wt. % CEM I compared at the same age.
Results obtained in the studies of influence of supplementary cementitious materials on physical and mechanical properties of the low-emission multicomponent cements
Specific surface area (by Blaine) at which main components have a sufficiently high reactivity was 3,600… 3,900 cm 2 /g for clinker, 4,000…4,500 cm 2 /g for GBFS, 9,000…12,000 cm 2 /g for zeolite and 4,000…4,500 cm 2 /g for fly ash [19] . The results of laser granulometry studies obtained for CEM I 42.5 R and SCMs have made it possible to estimate contribution of individual fractions to the development of a specific surface area. As can be seen from Table 2 , the original Portland cement CEM I 42.5 R most closely meets requirements and is characterized by a maximum content of fractions finer than 10 μm. This was reflected in the fact that the volume average diameter D [4;3] of 24.85 μm corresponded to CEM I 42.5 R and diameters 27.40 μm, 47.30 μm and 60.70 μm corresponded to GBFS, zeolite and FA, respectively. The maximum average diameter by specific surface, D [3;2], in the distribution of specific surface was 5.23 μm for CEM I 42.5 R and 6.28 μm, 11.00 μm and 13.10 μm for GBFS, zeolite and FA, respectively. It should be noted that the high index of specific surface area of zeolite is determined by structure of the clinoptilolite mineral which is a three-dimensional aluminosilicate lattice. Its structure specificity forms a developed system of micropores and channels.
It should be noted that granulometric composition of initial supplementary cementitious materials such as GBFS and zeolite ground in a ball mill was characterized by larger grain sizes compared to CEM I 42.5 R. Therefore, to increase content of reactive particles in SCMs, they were activated in a MV-25 laboratory vibration mill and the effect of dispersity of such supplementary cementitious materials on their properties was determined ( Table 3) .
After 3 cycles of activation, specific surface area of GBFS and FA has increased by 1.6 and 1.9 times, respectively. It was characteristic for zeolite that its specific surface area has increased to 12,000 cm 2 /g after 3 cycles, that is, such superfine zeolite can be classified as a super-zeolite (SZ) (Fig. 1 ).
It should be noted that granulated blast-furnace slags are characterized by high bleeding: for GBFS with specific surface area of 3,750 cm 2 /g, bleeding coefficient (K vol ) was 38.9 % after 2 hours (Fig. 2, a) . Reduction of the particle size contribute to stabilization of stratification of suspension with of GBFS added which has made it possible to reduce the coefficient of bleeding to 24.0 % with water demand increased by only 25 % (Fig. 2, b) . After 3 cycles of mechanical activation of FA, coefficient of bleeding has decreased by 73 % and water demand increased by only 18 %. Fly ash was characterized by particles of regular spherical shape, which provided plasticizing effect due to the "roller bearing effect" [22] . It was noted that due to its porous structure, zeolite was characterized by high water demand which increased by 25 % with dispersity growth up to 12,000 cm 2 /g and bleeding decreased to 3 %.
It should be noted that fly ash is a dusty, highly dispersed waste of thermal power plants. At the same time, fly ash from Burshtynska TPP features coarse inclusions of unburnt coal grains (sieve residue: 15 wt. % at 0.125 mm size). They significantly increase water demand and reduce efficiency of FA use. Therefore, further studies Results of laser granulometry of initial Portland cement CEM I 42.5 R, granulated blast-furnace slag (GBFS-3) and super-zeolite (SZ) mechanically activated in three cycles of grinding in the vibration mill and separated fly ash (SFA) are shown in Fig. 3 . It can be seen that for GBFS-3 and SZ, there is a bimodal particle size distribution in volume with fractions of less than and more than 10 μm. As can be seen from For a more complete estimation of SCMs dispersity according to the results of the obtained particle size distributions, determine their differential coefficients of particle size distribution by their specific surface area (K isa ). For example, for particles of initial CEM I 42.5 R, maximum of the K isa coefficient manifests itself for the particle size of 0.20 μm and 2.50 μm and makes 4.50 μm -1 •vol. % and 3.20 μm -1 vol. %, respectively (Fig. 4, a) . The highly dispersed GBFS-3 (SSA= =6,000 cm 2 /g) and SZ (SSA=12,000 cm 2 /g) prepared by mechanical activation were characterized by higher K isa coefficients compared to Portland cement CEM I. For GBFS-3, K isa =5.80 μm -1 •vol. % for particle size of 2.13 μm ( Fig. 4, b) . For CZ, maximum K isa =5.93 μm -1 •vol. % was reached at a particle size of 1.5 μm (Fig. 4, c) . For separated fly ash, K isa =3.47 μm -1 •vol. % was reached at a particle size of 2.42 μm (Fig. 4, d) . It follows that about 80 % of specific surface area of CEM I 42.5 R and SCMs were determined namely by fine fractions up to 10 μm in size.
It is important to study the effect of increase in specific surface area on the strength activity index of the GBFS according to DSTU B V.2.7-302:2014. According to the obtained results of strength activity index in the hardening age of 7 and 28 days, it was established that GBFS in the range of specific surface area 3,750…5,250 cm 2 /g be- longed to class 3. Increase in dispersity up to 6,000 cm 2 /g has contributed to growth of the strength activity index up to 82 and 95 %, respectively, after 7 and 28 days of hardening which has made it possible to attribute GBFS-3 to class 2. It should be noted that value of the strength activity index of 70.4 % for GBFS-3 with the highest dispersion was reached after 4 days of hardening and only after 28 days for the initial GBFS with specific surface area of 3,750 cm 2 /g ( Fig. 5) . At the same time, an increase in specific surface area has involved significantly higher power consumption on grinding. For example, power intensity of GBFS grinding in a ball mill for the above range has increased from 50 to 140 kWh/t. Distribution of energy consumption for the production of cement in a dry way at averaged indices for a ball mill to obtain specific surface area of 3,500-4,000 cm 2 /g is given in Table 5 . Energy consumption for SCMs production is significantly lower than that for the Portland cement clinker, so it is important to increase SCMs amount in compositions of multi-component cements. Mohs hardness number of the Portland cement clinker and granulated blast-furnace slag was 7 and hardness number of natural zeolite was 4. High dispersity of fly ash has provided possibility of its use after separation of coarse inclusions. Increased grindability of natural zeolites has made it possible to reduce power consumption on grinding in a ball mill to 20 kWh/t while increasing specific surface area from 5,900 to 12,000 cm 2 /kg. Solution of the problem connected with development of a technology of production of efficient low-emission multi-component cements is largely achieved by development of multimodal multi-component cements [22] . This technology is based on the use of supplementary cementitious materials of various sources and granulometric composition with high surface energy of fine-dispersed fractions in the non-clinker part of the system. Joint effect of supplementary cementitious materials on bleeding and water demand was studied by the method of Scheffe's simplex-lattice design "mixture-property". In the case of the three-component GBFS (X1):SZ (X2):SFA (X3) blend, one ratio corresponds to each point of the triangular diagram and each composition is characterized by the value of a certain property. Thus, taking into account significance of coefficients, the regression equations of water demand (Y WD ) and bleeding (Yc vol ) of the SCMs blend take the following form: Table 5 Energy consumption in production of CEM I 42.5 R and SCMs The fine-dispersed particles of the super-zeolite caused an increase in the medium pH compared to the initial zeolite, which has contributed to GBFS activation in the curing process. According to the data of raster electron scanning microscopy (Fig. 7, а) , interaction inside the GBFS-SZ-SFA system has caused appearance of a zone of crystal accretion among particles having size of up to 5 μm after 180 days of hardening. A considerable amount of contacts between grains has contributed to formation of a dense structure with low porosity and had a significant impact on physical and mechanical properties of the artificial stone with a high content of supplementary cementitious materials.
Analysis of data of the X-ray phase analysis of the hydrated GBFS-SZ-SFA system presented in Fig. 7, b indicates presence of lines of sufficiently high intensity of β-SiO 2 (d/n=0.425; 0.334 nm). During hydration of the active GBFS glassy phase, formation of CSH phases occurs in the composition of the three-component SCMs blend and calcite (d/n=0.303; 0.228 nm) is observed. Because super-zeolite with a high content of fine fraction was used, a slight line of calcium hydrocarboaluminate (d/n=0.76; 0.38 nm) was additionally appearing.
The results of determining physical and mechanical properties of low-emission cements obtained by mixing Portland cement СEM I 42.5 R with mineral additives GBFS and the SZ+SFA blend are given in Table 6 . It can be seen that there was a significant slowdown of strength gain of blended cements at an early age. It is noteworthy that the strength activity index of the ternary pozzolanic cement CEM IV/B (50 wt. % CEM I 42.5 R; 27 wt. % SZ, 23 wt. % SFA) exceeded the analogous index of slag cement CEM III/A [27] . With increase in the age of hardening, the difference in strength of CEM IV/B in comparison with Ordinary Portland cement CEM I decreased and the strength activity index of CEM IV/B became the highest after 90 days. It is also worth noting significantly lower power consumption on grinding the pozzolanic cement compared to the slag cement.
Increase in efficiency of low-emission pozzolanic cement CEM IV/B is largely achieved due to the use of superplasticizers of new generation. The flow table (FT) test has shown an increase from 144 to 280 mm with addition of 1.0 % PCE to composition of a cement-sand mortar based on pozzolanic cement at W/C=0.5. Thus, the technological effect obtained by addition of the superplasticizer was ∆FT=94 % without reduction of compressive strength. Due to the water-reducing effect (∆W/C=20 %), the technical effect (∆R c ) was 31, 27 and 27 % after 2, 7 and 28 days, respectively, (Fig. 8) . The environmental impact of reducing CO 2 emission of the multi-component cement was 47 % since carbon dioxide emissions were reduced from 865 kg/ton of cement (CEM I, clinker factor -0.95) to 456 kg/ton of cement (clinker factor -0.50). The high-performance polycarboxylate superplasticizer of PCE type can increase technical and economic indices of this low-emission multi-component cement.
Thus, the technology of production of low-emission multi-component cements with high SCMs content meets the principles of the strategy of sustainable development in construction and is a practical solution of the problem of reducing costs, power consumption and CO 2 emissions in the building production. 
Discussion of the results obtained in the study of low-emission multi-component cements with high content of supplementary cementitious materials
According to the results of particle size distribution analysis of components of multi-component cements, granulated blast-furnace slag, natural zeolite, and fly ash are characterized by an insufficient content of fine (up to 10 μm) fraction ( Table 2 ). This causes not sufficiently high coefficients of their surface activity and hence slowdown of strength gain kinetics of cements based on these additives.
Type and amount of supplementary cementitious materials substantially determine water demand and the bleeding of the multi-component cements. Technological optimization by means of combination of mineral additives of various granulometric composition, namely: GBFS, super-zeolite and separated fly ash enables control of the processes of early structure formation and to a large extent provides necessary rheological and mechanical properties of multi-component cements. For example, water demand for GBFS and fly ash is 25.6 % and 27.0 %, respectively (Fig. 2, b) . At the same time, natural zeolite is characterized by increased water demand (34.0 %). On the other hand, GBFS and fly ash have high bleeding (39.0 and 34.0 %, respectively) ( Fig. 2, a) .
Of particular interest is comparison of the effect of mechanical activation on the SCMs characteristics. The results of measuring the specific surface area shown in Fig. 1 confirm that GBFS has lower grindability compared to fly ash and natural zeolite. It was found in the study of the effect of SCMs dispersity that it is natural to increase the water demand and reduce the coefficient of bleeding of the supplementary cementitious materials while increasing their specific surface area.
Mechanical activation of GBFS makes it possible to compensate for the effect of reduced hydraulic activity by increasing content of active particles up to 10 μm in size. Analysis of the effect of mechanical activation on GBFS dispersity allows us to conclude that the increase in amount of active microparticles up to 10 μm helps to increase early strength of slag cement with GBFS content of 50 wt. % (Fig. 5 ). This is due to the increase in the amount of reactive GBFS particles and compaction of the cement stone microstructure.
Replacement of the clinker component of the SCMs has a particular effect on workability and bleeding of low-emission multi-component cements which leads to a change in indices of construction and technical properties of concretes and mortars based on them. It was established that super-zeolite has the decisive influence on bleeding and water demand of the three-component system while SFA and GBFS had almost the same effect. Increase in the content of SZ to 67 wt. % in the SZ+SFA blend provided reduction of the bleeding coefficient to 7.3 %. At the same time, these indicators were 30.9 and 35.7 % for the same content of GBFS and SFA, respectively On the other hand, SZ has a high water demand (36.0 %), so combination of super-pozzolana and SCMs having opposite properties makes it possible to ensure optimal rheological properties of the low-emission multi-component cement (Fig. 6, a, b) .
Compressive strength of low-emission ternary pozzolanic cement CEM IV/B (clinker factor -0.50) is gaining, especially with the age of hardening, power consumption for grinding is reduced to 31 kWh, and CO 2 emissions are reduced by 47 % compared to Portland cement CEM I 42.5 R and amount 456 kg/t. Compressive strength of such lowemission multi-component cement after 90 days of hardening is 2.1 MPa higher than that of CEM I 42.5.
Thus, use of technologically optimized multi-component cements with several major components becomes a rational solution of the problem of improving power efficiency of building production. The strategy of such development implies that the combination of several components of various sources, in particular, SCMs of pozzolanic action based on super-zeolite and separated fly ash, reduces to a greater extent CO 2 emissions and saves material resources. This approach also involves optimization of properties (workability, standard and early strength, durability, cost, environmental impact). The ternary pozzolanic cement CEM IV/B with a reduced up to 50 % clinker factor is an innovative binder with a combination of the above properties. Its production provides significant savings of fuel and energy resources and reduction of CO 2 emissions since energy consumption for production of such cement are much lower compared to that of CEM I cement. At the same time, early strength of low-emission multi-component CEM IV/B cement is lower than that of CEM I cement. Therefore, in order to fully evaluate effectiveness of the developed cement, it is necessary to conduct a study of the effect of hardening activators on kinetics of strength gain of concretes based on this cement which determines direction of further development of this study.
Conclusions
1. The studies have shown that supplementary cementitious materials of coarse grinding are usually obtained when ball mills are used. They are characterized by a small amount of reactive particles compared to CEM I 42.5 R Portland cement. Increase in SCMs dispersity significantly affects their physical properties, namely leads to reduction of bleeding without a sharp increase in water demand. Due to the increase in amount of up to 10 μm fraction, the surface activity factor (Kisa) of SCMs is in the range of 3.47…5.93 μm -1 •vol. % and reaches Kisa values of Portland cement: 4.50 and 3.20 μm -1 •vol. %. It was established by the method of three-factor mathematical experiment planning that the separated fly ash and GBFS have a similar effect on water demand and the coefficient of bleeding in the GBFS-SZ-SFA system. In order to obtain indices of bleeding and water demand corresponding to the values of CEM I 42, R, the ratio between SZ and SFA (1.2:1.0) was optimized for the non-clinker part of the multi-component cement.
2. The results obtained in the studies of physical and mechanical properties of low-emission multi-component cements indicate that to reduce power consumption for preparation of highly active supplementary cementitious materials, it is most effective to combine SZ and SFA. When SCMs are optimized, the strength activity index of the ternary pozzolanic cement are 48, 72 and 91 % after 2, 7 and 28 days of hardening, respectively and energy consumption on grinding is reduced to 31 kWh/t. The use of Master Glenium 430 ACE superplasticizer of new generation provides a high plasticizing effect (∆FT=94 %) of low-emissive pozzolanic cement (clinker factor -0.50). Due to the significant water-reducing effect (∆W/C=20 %), early strength of such three-component cement increases by 30 %. Thus, composition of multi-component cement with content of SZ and SFA (1.2:1.0) in the amount of 50 wt. %, modified 1.0 % PCE which corresponds to the concept of low-emission development of the cement industry was technically and economically substantiated at this stage of the study.
